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Introduction {#sec001}
============

In 2012, an estimated 14.1 million new cancer cases were diagnosed worldwide, and this number is predicted to rise over the coming years \[[@pone.0183715.ref001]\]. Lung cancer is the most frequent cancer worldwide, with nearly 1.83 million new cases of lung cancer estimated to have been diagnosed globally in 2012. Lung cancer is also the leading cause of cancer death in the United States, where an estimated 222,500 new cases will be diagnosed in 2017, with 155,870 deaths due to disease \[[@pone.0183715.ref002]\].

Traditionally, lung cancer survival rates tend to vary markedly depending on the stage at time of diagnosis. Unfortunately, many lung cancers are identified in the later stages of disease, translating to lower survival rates \[[@pone.0183715.ref003], [@pone.0183715.ref004]\]. These findings suggest that treatment can be significantly improved by detecting lung cancer tumors while they are smaller and more locally defined \[[@pone.0183715.ref003], [@pone.0183715.ref004]\]. However, more frequent biopsy of earlier, smaller tumors and increasing use of innovative, minimally invasive biopsy technologies have resulted in smaller samples with less tumor tissue available for analysis.

There has been a significant expansion of targeted therapies for NSCLC that have been shown to be effective in patients with specific genetic alterations expressed in tissue from their lung tumor, such as selected mutations in exons 18,19, 20 and 21 of *EGFR*. However, as knowledge of the histologic tumor type drives molecular studies, often a limited tumor sample becomes even smaller after diagnostic immunohistochemical stains are performed to distinguish pulmonary adenocarcinoma (PA) from squamous cell carcinoma, or a metastatic tumor from another organ. Any remaining tumor tissue must then be shared between multiple molecular genetic assays. With requirements to do more with less, it has been challenging for laboratories to establish an effective strategy for triaging specimens for molecular analysis of lung cancer. Additionally, multiple test platforms are in use in laboratories today to detect such mutations, many with an assay sensitivity ranging between 5 and greater than 20% variant allele frequency (VAF). Some of these test systems, such as Sanger sequencing \[[@pone.0183715.ref005],[@pone.0183715.ref006]\], will miss mutations that are present at a low VAF, or if the tumor cellularity is less than 25--40%, both possibilities that are more likely in a limited tissue sample. In this clinical research study, we assessed 179 clinical cases of NSCLC previously tested for *EGFR*, *KRAS*, *NRAS*, *and BRAF* mutations using a novel multiplexed analytic approach that reduces wild-type signal and allows for detection of low mutation load approaching 1%, iPLEX^®^ HS panel for the MassARRAY^®^ System (Agena Bioscience, San Diego, CA).

Material and methods {#sec002}
====================

Lung tumor samples {#sec003}
------------------

Archived frozen deoxyribonucleic acid (DNA) samples were searched for lung tumor cases previously tested for *EGFR*, *KRAS*, *NRAS and BRAF* mutations using the OncoFOCUS™ Panel v2.0 or v3.0 on the MassARRAY^®^ System (Agena Bioscience, San Diego, CA, USA). Specimens were de-identified prior to entry into the study. DNA originated from formalin-fixed, paraffin-embedded (FFPE) human clinical PA tissue samples. Of 184 lung tumor samples, 2 were excluded from the study due to insufficient original sample to complete testing, 2 were excluded due to iPLEX^®^ HS test failure, and was one excluded because of poor quality DNA in the residual specimen. Of the 179 remaining cases, only 38 were from larger excision specimens with plentiful tumor. Most specimens (129) were small biopsies, often thin caliber needle cores, and 12 were cytology cell blocks. All histologic diagnoses were confirmed by a pathologist. Most of the tumors were pure adenocarcinoma. Six cases demonstrated mixed squamous or neuroendocrine differentiation, one showed a sarcomatoid tumor component, and 11 were NSCLC not otherwise specified based on the available sample. Minimum tumor cellularity for analysis was set at 20%. DNA was extracted using the QIAamp DNA FFPE Tissue Kit (Qiagen, Boston, MA). Prior to repeat testing, all specimens were assessed for DNA integrity using the iPLEX^®^ Pro Sample ID Panel, and all specimens with adequate amplifiable DNA were then interrogated with a new, highly sensitive single polymerase chain reaction (PCR) iPLEX^®^ HS panel that includes more than 76 common mutations \[[@pone.0183715.ref007]\] in *BRAF*, *EGFR*, *KRAS*, *NRAS*, *and PIK3CA*; both panels were run on the MassARRAY^®^ System. During the development of the iPLEX^®^ HS chemistry a wide range of input DNA was tested ([S1 Fig](#pone.0183715.s004){ref-type="supplementary-material"}) and 5-10ng was found to be the optimal starting concentration.

SNP genotyping {#sec004}
--------------

Genotyping of SNPs was performed using the iPLEX^®^ HS panel on the MassARRAY^®^ System (Agena Bioscience, San Diego, CA, USA), which employs matrix-assisted laser desorption/ionization time-of-flight mass spectrometry for amplicon detection (MALDI-TOF-MS; SpectroACQUIRE, Agena Bioscience). Primers designed for PCR (polymerase chain reaction) amplification of specific mutations in *BRAF*, *EGFR*, *KRAS*, *NRAS*, and *PIK3CA*, and extension reactions were prepared using the MassARRAY^®^ Assay Design Version 3.1 software (Agena Bioscience, San Diego, CA, USA). PCR reactions contained: *Taq* DNA polymerase (Agena Bioscience), genomic DNA (5--10 ng), PCR primers, and dNTP. Following PCR (45 cycles), the remaining dNTPs were removed by the addition of alkaline phosphatase (Agena Bioscience), after which the plates were incubated at 37°C for 40 min. (as previously described in \[[@pone.0183715.ref008]\]).

iPLEX^®^ HS chemistry is a wild-type (WT) terminator-depleted chemistry designed to reduce the wild-type extension terminator signal in a DNA specimen. This allows for quantification of a mutation down to a very low variant allele frequency (VAF) as the analytical window is not dominated by the wild-type allele ([S2 Fig](#pone.0183715.s005){ref-type="supplementary-material"}). Following the PCR reaction, SAP addition, and iPLEX HS^®^ extension reaction, the samples were desalted by resin treatment for 15 min, spotted onto SpectroCHIP^®^ Arrays (Agena Bioscience, San Diego, CA), analyzed by mass spectrometer, and ultimately interpreted on SpectroTYPER v4.0 software (Agena Bioscience, San Diego, CA). A mutation signal produced using iPLEX^®^ HS chemistry can be reliably detected by the MassARRAY^®^ System at about 1% VAF (see [Fig 1](#pone.0183715.g001){ref-type="fig"}). iPLEX^®^ HS assays can be performed within 8 hrs from DNA to reportable result, which is amenable to requirements for turnaround time currently in place for lung cancer tumor mutation analysis in clinical laboratories \[[@pone.0183715.ref009]\]. For an overview of these experimental processes, see [Fig 2](#pone.0183715.g002){ref-type="fig"}.

![EGFR T790M dilution series.\
Example of a dilution series for detection of EGFR-T790M mutation (Horizon Discovery-Boston, Cambridge MA), showing spectral peaks of mutation and WT from 5% mutation VAF down to 0%.](pone.0183715.g001){#pone.0183715.g001}

![Workflow schemtic.\
Schemtic workflow for somatic mutation detection using iPLEX^®^ chemistry and the MassARRAY^®^ System. Total turn around time from DNA to data is less than 8 hours.](pone.0183715.g002){#pone.0183715.g002}

Digital droplet PCR {#sec005}
-------------------

The QX200 Droplet Digital PCR System reaction was performed in biological triplicates per manufacturer's instructions for use \[[@pone.0183715.ref010]\]. The ddPCR contained 10 uL of the various genomic mixes, 12.5 uL ddPCR super mix, and 2.5 uL primer/probe mix. Primers and TaqMan probes for *KRAS* (G12C, G13D, G12D, G13C, G12V), *EGFR* (L858R), *NRAS* (G13R), and *BRAF* (V600E) mutations were purchased from existing mutation assays from Bio-Rad (Hercules, CA). PCR components were separated into individual reaction vessels using the QX100 Droplet Generator (Bio-Rad, Hercules, CA). The droplet generation process combines 70 uL of droplet generation oil with 20 uL of the ddPCR. This process was performed in a cartridge with a cartridge holder and droplet generation gasket. Subsequent to droplet formation, 40 uL of the formed droplet reaction was transferred from the cartridge to a 96-well PCR plate. Amplification parameters were as follows: 95°C for 10 minutes, followed by 40 cycles of 94°C for 30 seconds, and 55°C for 1 minute. Cycling was followed by 98°C incubation for 10 minutes. Annealing temperature was experimentally defined \[[@pone.0183715.ref010]\]. After the reaction, t he droplets were read using the Droplet Reader (Bio-Rad), and QuantaSoft software version 1.4.0.99 (Bio-Rad) converted the data into concentrations using Poisson distribution statistical analysis.

Results {#sec006}
=======

High sensitivity iPLEX^®^ HS somatic mutation detection {#sec007}
-------------------------------------------------------

In 179 samples, mutations in *KRAS* (n = 55; 55/179 = 30.7%), *BRAF* (n = 8; 8/179 = 4.5%), *EGFR* (n = 19; 19/179 = 10.6%), and *NRAS* (n = 3; 3/179 = 1.7%) were detected using iPLEX^®^ HS chemistry, for a total of 85 mutations observed. This correlates well with other reports of genetic analysis of pulmonary adenocarcinoma, where mutation frequencies range from 10--21% of tumors with mutated *EGFR*, 25--33% of tumors with mutated *KRAS*, and 2--10% with mutated *BRAF*, while *NRAS* mutations are rare, depending on the patient population studied \[[@pone.0183715.ref003],[@pone.0183715.ref011],[@pone.0183715.ref012],[@pone.0183715.ref013]\]. When compared to previous results from the OncoFOCUS^TM^ Panel, which has a sensitivity of approximately 5--10% VAF, this represents an additional 17 previously undetected mutations (17/179, or 9.5% more mutations detected). The mass spectra from the original runs were reviewed, and several mutations were considered suspect but unconfirmed due to weak spectral peaks or low confidence calls by the system software (See [Table 1](#pone.0183715.t001){ref-type="table"}, [S1 Table](#pone.0183715.s001){ref-type="supplementary-material"}). However, some of the new mutations could not be identified in the original data run (See [Table 1](#pone.0183715.t001){ref-type="table"}, [S1 Table](#pone.0183715.s001){ref-type="supplementary-material"}). Therefore, by improving the level of detection from 5--10% down to 1--5%, we confirmed 8 mutations that were previously considered probable in the original data, including two *EGFR* L858R mutations ([Table 1](#pone.0183715.t001){ref-type="table"}). An example of spectral data comparison from the same sample run on both OncoFOCUS™ and iPLEX^®^ HS panels is shown in [Fig 3](#pone.0183715.g003){ref-type="fig"}. In two cases a second previously undetected mutation was identified, while an additional 6 new *KRAS* mutations, 2 *NRAS*, 1 *BRAF*, and 1 *EGFR* mutation were identified (See [Table 1](#pone.0183715.t001){ref-type="table"}). While 3 of these cases originated from larger excision specimens, the most common sample type where an additional mutation was identified was a needle core biopsy, and 2 cases originated from cytology cell blocks (See [Table 1](#pone.0183715.t001){ref-type="table"}). Additionally, 4/179, or 2% of cases demonstrated a mutation in *PIK3CA*, which was not interrogated by the OncoFOCUS^TM^ Panel. This mutation frequency is similar to other reports \[[@pone.0183715.ref011],[@pone.0183715.ref012]\]. Sensitivity of the iPLEX^®^ HS panel was confirmed by testing dilution series of specimens with known mutant allele vs. WT copy number prepared using commercial DNA standards (Horizon Discovery-Boston, Cambridge MA); see [Fig 1](#pone.0183715.g001){ref-type="fig"}.

![5% LOD vs 1% LOD spectrums.\
An example spectral data comparison of an EGFR p.L858R mutation (red box) from the same sample run on both the OncoFOCUS™ Panel (top) and the iPLEX^®^ HS panel (bottom).](pone.0183715.g003){#pone.0183715.g003}

10.1371/journal.pone.0183715.t001

###### This table lists the the additional mutations identified by the iPLEX^®^ HS panel, and how they were evaluated.

ND: None detected (includes only mutations common to both panels).

![](pone.0183715.t001){#pone.0183715.t001g}

  Case      iPLEX^®^HS Mutant Call   iPLEX^®^HS 2nd Mutation   Original result   Specimen Type         Comments
  --------- ------------------------ ------------------------- ----------------- --------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  TMF-19    *EGFR* L858R             ND                        ND                Core biopsy           On original spectrum mutation was identified by system software and small mutant peak was present, but not significantly above baseline.
  TMF-22    *KRAS* G12C              ND                        ND                Core biopsy           On original spectrum mutation was identified by system software and small mutant peak was present, but not significantly above baseline.
  TMF-28    *BRAF* V600E             *KRAS* G12C               *KRAS* G12C       Core biopsy           *BRAF* V600E not identified by software in original run. **Mutation confirmed by ddPCR assay.**
  TMF-29    *KRAS* G13D              ND                        ND                Core biopsy           On original spectrum mutation was identified by system software and small mutant peak was present, but not significantly above baseline.
  TMF-37    *BRAF* V600E             *NRAS* G13R               *BRAF* V600E      Core biopsy           *NRAS* G13R not identified by software in original run. **Mutation confirmed by ddPCR assay.**
  TMF-63    *KRAS* G12C              ND                        ND                Cytology cell block   *KRAS* G12C not identified by software in original run. **Mutation confirmed by ddPCR assay.**
  TMF-69    *KRAS* G13D              ND                        ND                Core biopsy           *KRAS* G13D not identified by software in original run. **Mutation confirmed by ddPCR assay.**
  TMF-76    *BRAF* V600E             ND                        ND                Core biopsy           On original spectrum no call by software, but two composite PCR reactions show very weak mutant allele peaks.
  TMF-80    *KRAS* G12D              NRAS G12D                 ND                Core biopsy           *KRAS* G12D not identified by software in original run. **Mutation confirmed by ddPCR assay.** NRAS G12D called by software but could not make confidant call.
  TMF-104   *KRAS* G12V              ND                        ND                Core biopsy           *KRAS* G12V not identified by software in original run. **Mutation confirmed by ddPCR assay.**
  TMF-135   *BRAF* V600E             ND                        ND                Core biopsy           On original spectrum no call by software, but two composite reactions show very weak mutant allele peaks.
  TMF-136   *EGFR* L858R             ND                        ND                Excision              On original spectrum mutation was identified by system software and a small, weak mutant peak was present. Mutation did not confirm with secondary PCR.
  TMF-141   *BRAF* V600E             ND                        ND                Cytology cell block   On original spectrum no call by software, but two composite reactions show very weak mutant allele peaks.
  TMF-144   *NRAS* G13R              ND                        ND                Core biopsy           *NRAS* G13R not identified by software in original run. **Mutation confirmed by ddPCR assay.**
  TMF-151   *KRAS* G12D              ND                        ND                Excision              *KRAS* G12D not identified by software in original run. **Mutation confirmed by ddPCR assay.**
  TMF-173   *BRAF* V600E             ND                        ND                Excision              No software call *BRAF* V600E. **Mutation confirmed by ddPCR assay.**
  TMF-182   *EGFR* L858R             ND                        ND                Core biopsy           On original spectrum mutation was identified by system software and a small mutant peak was present, but not significantly above baseline. **Mutation confirmed by ddPCR assay.**

Digital droplet verification {#sec008}
----------------------------

Digital droplet PCR (ddPCR) was used to verify the new mutations which were identified using the iPLEX^®^ HS panel but which were previously unconfirmed or not detected by OncoFOCUS™ Panel analysis. Using the QX200 Droplet Digital PCR System we performed tests in biological triplicates per manufacturer's instructions for use (9). Rare event detection assays were employed for both mutation and WT probes for *KRAS* (G12C, G13D, G12D, G13C, G12V), *EGFR* (L858R), *NRAS* (G13R), and *BRAF* (V600E) mutations (Bio-Rad, Hercules, CA) ([Fig 4](#pone.0183715.g004){ref-type="fig"}). As a positive control a dilution series of mutant allele vs. WT copy number was prepared using commercial DNA standards \[*KRAS* (G12C, G13D, G12D, G13C, G12V), *EGFR* (L858R), and *BRAF* (V600E); (Horizon Discovery-Boston, Cambridge MA) ([Fig 4](#pone.0183715.g004){ref-type="fig"}, [S1 Table](#pone.0183715.s001){ref-type="supplementary-material"}). We positively identified and confirmed all 10 previously undetected mutations, thereby verifying the iPLEX^®^ HS detection chemistry ([Fig 4](#pone.0183715.g004){ref-type="fig"}, [S1 Table](#pone.0183715.s001){ref-type="supplementary-material"}).

![ddPCR graphs.\
ddPCR graphs of mutant (blue pixels) vs blank (black pixels) events with a detection threshold (purple line). Patient samples; TMF-28 (BRAF-V600E), TMF-37 (BRAF-V600E), TMF-63 (KRAS-G12C), TMF-69 (KRAS-G13D), TMF-80 (KRAS-G12D), TMF-104 (KRAS-G12V), TMF-144 (NRAS-G13R), TNF-173 (BRAF-V600E), TMF-182 (EGFR-L858R).](pone.0183715.g004){#pone.0183715.g004}

Discussion {#sec009}
==========

Early detection and appropriate testing of lung cancer is of vital importance to improving patient outcomes. This consequently places a considerable burden on pathologists to ensure that specimens used for molecular testing meet the laboratory's requirements for tumor content and quality. However, this can be challenging. Other groups have shown that tissue specimens with low tumor cellularity may lead to false-negative mutation results, particularly if an assay has a relatively low analytic sensitivity, such as Sanger sequencing \[[@pone.0183715.ref005],[@pone.0183715.ref006]\]. This problem may be encountered with any small, limited tumor tissue sample. Dudley et al \[[@pone.0183715.ref014]\] reported that tumor cell depletion by neoadjuvant therapy for rectal adenocarcinoma could impede detection of *KRAS* mutations. Chen et al \[[@pone.0183715.ref015]\] demonstrated that detection of *BRAF* mutations in lymph nodes involved with metastatic malignant melanoma was particularly challenging when there was a low tumor cell burden, such as with small subcapsular metastatic deposits or infiltrative tumor cells in a background of small lymphocytes. The use of a highly sensitive molecular assay is critical for accurate assessment of such specimens. In this clinical research study, we demonstrate similar findings for mutation analysis in NSCLC. By increasing the assay sensitivity from 5--10% VAF detection to 1%, the iPLEX^®^ HS panel and MassARRAY^®^ System resulted in the identification of 17 (17/179, or 9.5%) previously undetected *KRAS*, *NRAS*, *BRAF*, and *EGFR* mutations. Furthermore, with an 8 hour turnaround time and low per sample cost, we can perform targeted screens on more samples with a higher level of detection and thereby potentially discover mutations at an earlier stage.

We also show that low VAF mutations can be reliably detected in small tissue samples, such as needle core biopsies and cytology cell block specimens, which are increasingly seen in clinical molecular pathology laboratories.

Supporting information {#sec010}
======================

###### Oncofocus vs iPLEX^®^ HS sample comparison.

Table of all the results from the samples tested with the OncoFOCUS™ and iPLEX^®^ HS chemistries. NA, not applicable.

(DOCX)

###### 

Click here for additional data file.

###### Mutants validated with ddPCR.

Table of mutants validated with ddPCR (Droplet Digital PCR System. Hercules, CA). Patient samples; TMF-28 (BRAF_V600E), TMF-37 (BRAF_V600E), TMF-63 (KRAS_G12C), TMF-69 (KRAS_G13D), TMF-80 (KRAS_G12D), TMF-104 (KRAS_G12V), TMF-144 (NRAS_G13R), TNF-173 (BRAF_V600E), TMF-182 (EGFR_L858R). Copy number and the microliter amount added to the PCR reaction. All samples were tested with a minimum of 4 biological replicates. Positive calls were the number of mutant calls out of the total number of biological replicates. Allelic frequency is presented as an average of the successful runs. Comments referring to "Present in OncoFocus spectrum but not significantly above baseline" is meant to indicate that there was a weak call which when present in the iPLEX^®^ HS chemistry was sufficient evidence that the mutation was present in the old spectra. Please refer to Supplements S2 Table for the full list of patient samples orthogonally validated using ddPCR.

(DOCX)

###### 

Click here for additional data file.

###### iPLEX^®^ HS mutation list.

Full list of all mutations covered in the iPLEX^®^ HS panel.

(DOCX)

###### 

Click here for additional data file.

###### Dose response for input DNA for mutation PI3KCA E542K.

Mutation PI3KCA E542K was used a representative of all mutations tested. Graphs A-D are minor variant detection of PI3KCA E542K at input DNA concentrations ranging from 1ng, 5ng, 10ng and 20 ng. An all pairs Tukey-Kramer test was performed on all comparisons at a p value = 0.05.

(TIF)

###### 

Click here for additional data file.

###### iPLEX^®^ Pro vs iPLEX^®^ HS.

Comparison of iPLEX^®^ Pro vs iPLEX^®^ HS level of detection of minor variants. Data was analyzed using signal to noise ratio to identify prominent differences in peaks.

(TIF)

###### 

Click here for additional data file.
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